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Abstract 
The better contrast sensitivity and resolution of neutron radiographs require higher neutron flux and enough L/D. The 
neutron yield of compact accelerator-driven neutron sources is usually lower than reactor and spallation neutron 
sources. It is difficult to obtain the high L/D and the high neutron flux simultaneously. The deuteron beam and Be 
target were selected for Peking University neutron imaging facility (PKUNIFTY), which can give higher neutron 
yield at lower beam energy. That means smaller facility size and lower power consumption in the accelerator, and 
therefore the lower cost. But that reaction also gives higher  yield, so how to realize higher n/  ratio is another issue. 
For intense deuteron beam the deuterons lost in the structure materials may become target atoms and generate 
neutrons under the bombardment of the succeeded beam. This paper will discuss the above problems, and introduce 
the PKUNIFTY design, which tried to reach a compromise among the various conflicting demands and meet the 
basic requirements of neutron radiography. 
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1. Introduction 
Neutron radiography (NR), especially thermal neutron radiography, has been widely used in many 
fields [1]. Currently most of the neutron radiography facilities are based on the reactor neutron source and 
spallation neutron source, which can give intense neutron flux and high quality neutron radiographs. 
However in some cases people would like to have a neutron radiography facility, which is based on a 
compact accelerator-driven neutron source (CANS), and can be used on the spot or even can be movable 
[2]. That means its size is as small as possible, and its cost is as low as possible.  
Peking University (PKU) is going to set up a compact accelerator-driven neutron imaging facility, 
which will be used for education and training, NR technology developments, and investigation of NR 
applications. The fund for that project is limited, and we intend to use an existent neutron experimental 
hall with an available area 12 m  6 m. The performance of such a facility might be limited, but the basic 
requirements of neutron radiography should be met. 
This paper will discuss the design ideas, i.e. what problems and difficulties we are faced with and how 
we can find the solution. The particular design of the facility will be described in another paper [3]. 
2. Problems of neutron radiography with compact accelerator-driven neutron source 
2.1. Neutron flux and L/D 
The most important performance of neutron radiography is contrast sensitivity and resolution, which 
largely depend on the neutron beam quality, mainly the neutron flux at imaging plane and collimation 
ratio L/D. Here D is the diameter of the aperture at the collimator entrance, and L is the distance between 
that aperture and imaging plane. Both good contrast sensitivity and resolution require low noise. The 
noise may come from scattered neutrons,  interference, electronics, and more essentially the statistical 
fluctuation of neutron counts in a detector pixel. So the neutron flux at imaging plane should be high 
enough, especially if the detector pixel is small. The resolution of neutron radiograph depends on the 
geometric unsharpness, the unsharpness of detection system, and the unsharpness caused by scattered 
neutrons. The geometric unsharpness is the main factor, and it depends on L/D and the distance between 
sample and imaging plane. Both the neutron flux at imaging plane and L/D should be as high as possible 
for high quality neutron radiography. 
According to the report of IAEA Consultancy Meeting on Neutron Imaging published in 2009 [4], the 
neutron flux at imaging plane should be more than 1  105 n/cm2/s for practical thermal or cold neutron 
imaging, and a L/D of 50 – 100 is accepted. But the high quality neutron tomography needs the L/D of 
300 – 500 and neutron flux more than 106 n/cm2/s. 
For a particular neutron source with a fixed thermal neutron intensity, the neutron flux at imaging 
plane is proportional to (L/D) 2, which means the neutron flux will drop quickly when the L/D increases. 
So it is important to have a thermal neutron source with higher intensity. The accelerator-driven neutron 
source generates fast neutrons by nuclear reaction, and then the fast neutrons are thermalized in 
moderator. Therefore the higher fast neutron yield and higher thermalization efficiency are required. 
 
2.2. Beam parameters and cost 
Fast neutron yield depends on the particular nuclear reaction and beam parameters. For CANS the 
most popular bombarding ions are proton and deuteron, and the target materials, lithium and beryllium. 
Fig. 1 shows the thick target fast neutron yield with different reactions and beam energy [5]. The fast 
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neutron yield increases quickly with the increase of bombarding ion energy, which indicates that for 
certain neutron yield a lower beam power can be used with higher beam energy. However the RF power 
consumption in accelerator cavity is much higher than the beam power, and the higher beam energy will 
tend to longer accelerator cavity and therefore higher RF power, which means larger facility size and 
higher cost. 
 
Fig. 1. Fast neutron yield of thick target [5] 
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2.3. Beam purity 
The nuclear reaction to generate fast neutrons always emits  rays. The energy and intensity of such  
rays vary with different reactions, and for Be(d, n) reaction the  ray at 718 keV is the most intense one 
[6]. There are also some nuclear reactions occurred in moderator and shielding materials during the 
thermalization of fast neutrons, which reactions emit secondary  rays, too. That  ray contamination can 
cause fogging and white spots on the images, and reduce contrast sensitivity of neutron radiographs. So 
the  ray contamination should be minimized by proper shielding and using filter or other methods. 
However the filter will also reduce the thermal neutron flux. 
The thermalization efficiency can be increased by optimizing the moderator design, but quite a lot of 
epithermal and fast neutrons will come together with the thermal neutron beam through collimator. 
Usually the detector of thermal neutrons is not sensitive to fast neutrons, but it is sensitive to epithermal 
neutrons. So the neutron beam should have a higher Cd ratio, which is a measure of the ratio of thermal 
neutron flux over epithermal neutron flux. The epithermal neutrons can be reduced by inserting a filter in 
front of the collimator aperture, but the thermal neutron flux will be reduced largely. 
2.4. Ion beam loss 
The intense ion beam always has halo, and the ions in halo are easy to be lost during beam 
transmission. The lost beam ions with higher energy can active the accelerator component materials. If 
deuterons are used as the bombarding ions, the lost deuterons may be implanted into the structure 
materials and become the target atoms. When that place is bombarded with the succeeded deuteron beam, 
the D-D reaction occurs and the neutrons are emitted. So the beam loss should be restricted, especially for 
those ions with higher energy. 
2.5. Duty factor and RF frequency 
Usually the RF linac works at pulsed mode with different duty factor, although in principle it can also 
work at CW mode (duty factor = 100%). The fast neutron yield depends on the average beam current, so 
lower duty factor with higher peak current can give the same results. As the RF power is only consumed 
during the macro pulse duration, lower duty factor means lower total RF power consumption. But the 
duty factor cannot be too low, otherwise the peak current will be too high, which is very difficult to be 
handle in accelerator and the beam loss will increase. 
For the RF linac design, the selection of RF frequency should be weighed. Generally speaking, the 
frequency of proton and deuteron linac can be in the range of 100 – 450 MHz. The higher frequency can 
shorten the cavity length and reduce the RF power consumption, but lower frequency can enlarge the 
beam aperture and reduce the beam loss. The RF frequency also largely depends on the RF power device 
of the transmitter. The tetrode can work below 250 MHz, and for higher frequency the klystron has to be 
used. The klystron is more expensive than tetrode and occupies more space.  
For RFQ accelerator, the RF frequency is also related to the RFQ structure. If the frequency is higher 
than 200 MHz, usually the four-vane structure should be used, and below 200 MHz, the four-rod structure 
is more suitable. The four-vane RFQ structure is a resonant cavity type of linac. It has higher rigidity and 
cooling efficiency, so it is suitable to operate at high duty factor. But it requires small mechanical 
tolerance, and the high order modes should be suppressed sufficiently. The four-rod RFQ structure is a 
resonant line type of linac. Its high order mode intervals are large, and the mechanical tolerance is not so 
strict like four-vane structure. But the electrodes of traditional four-rod structure are not easy to be cooled 
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efficiently, so its duty factor cannot be too high. That situation was improved by the later developed mini-
vane electrode four-rod structure. 
 
3. PKUNIFTY: the solutions 
3.1. Basic consideration and layout 
The Peking University neutron imaging facility (PKUNIFTY) has been designed and is being 
constructed. To meet the basic requirements of neutron radiography, we ask its thermal neutron flux at 
detector plane is higher than 105 n/cm2/s at L/D = 50, so its fast neutron yield should be higher than 1012 
n/s. Meanwhile, the full dimension of the facility should be less than or around 10 m. It would be the best 
if the main accelerator could be about 3 m long. So only a RFQ cavity is used without DTL, and the beam 
energy cannot be too high.  
PKUNIFTY consists of a CANS and an imaging system. The CANS for PKUNIFTY includes an ECR 
deuteron ion source, a LEBT (low energy beam transport), a RFQ, a HEBT (high energy beam transport), 
and a moderator assembly. The schematic diagram of the CANS is shown in Fig. 2. 
 Fig. 2. Schematic diagram of the CANS for PKUNIFTY. 
 
3.2. Nuclear reaction selection 
Fig. 1 indicates that the fast neutron yield of Li target is usually higher than Be target for the same 
bombarding ions with the same energy. The energy spectrum of the neutrons generated by Li target is 
softer than one by Be target, which means the thermalization efficiency of Li target can be higher than Be 
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target. But the Li is easy to be oxidized, and its melting point is low, so it is difficult to handle. Be has 
good chemical stability and high melting point. It is much easier to handle. So we decided to use Be target, 
although it gives lower thermal neutron yield than Li target. 
Fig. 1 also indicates that the reactions Li(p, n) and Be(p, n) have a energy threshold around 2 MeV, but 
the reactions Li(d, n) and Be(d, n) are non-threshold reaction. So the fast neutron yield of deuteron is 
higher than proton at lower beam energy, and the difference is reduced with the energy increase. We 
intend to use lower energy, so finally the reaction Be(d, n) was selected. 
3.3. RF power and beam parameters 
Usually the most expensive component of a linac is the RF transmitter. To reduce the RF cost, we 
decided to use a tetrode-based system rather than one based on klystrons. The selected tetrode is Thales 
TH781, which typical working frequency is around 200 MHz. It can deliver 400 kW peak power with 1 
ms pulse width and 10% duty factor.  
The beam energy was designed as 2 MeV. The corresponding fast neutron yield is 8 108 n/ C (Fig. 1), 
which is equivalent to the yield of bombarding Be target with 3.5 MeV proton beam. The rated average 
beam current is set to 4 mA, which gives a neutron yield of 3 1012 n/cm2/s. Considering the beam 
transmission in RFQ accelerator, we ask the designed input peak current is 50 mA, so the peak beam 
power consumed in RFQ cavity is less than 100 kW. Usually the RF power consumption in RFQ cavity at 
200 MHz is around 80 kW/m. So the total peak power consumption in RFQ cavity is estimated to be 
around 340 kW.  
3.4. RFQ accelerator design 
The main demands to RFQ design are that the total length of the cavity is not longer than 3 m, the 
power consumption is as low as possible, the beam transmission is more than 90% and the energy of most 
lost ions should be less than 100 keV. Fortunately the energy of deuteron (2 MeV) is too low to activate 
the materials, but the D-D reaction should be prevented as fully as possible. The higher inter-electrode 
voltage can shorten the cavity length, but tend to high power consumption. The energy of injected beam 
should be high enough for high intensity beam so that the space charge effect can be suppressed 
effectively. But higher injection energy will make the cavity longer and bring more difficulties to ion 
source and LEBT. After optimization, the inter-electrode voltage was designed as 70 kV, and the 
injection energy, 50 keV. This RFQ has a mini-vane four-rod structure working at 201.5 MHz. The 
reasons of beam loss are that the matched conditions of beam are not satisfied intrinsically along the 
RFQ, the beam is also not brought to and held in an equilibrium state between the transverse and 
longitudinal motion along the acceleration structure, and the structure resonances are not systematically 
avoided. A matched and equipartitioned design method was developed for high intensity RFQ design [7], 
and as the final design results the electrode length is 2.695 m, the transmission efficiency is 93%, and 
more than 90% lost ions have the energy less than 100 keV, as shown in Fig. 3. The details of that RFQ 
design and progress are described in reference [8]. 
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Fig. 3. Energy spectrum of the ions lost in RFQ cavity. 
3.5. Moderator and collimator design 
The moderator assembly has a cylindrical geometry and consists of Be target, moderator, reflector, 
shielding layers and collimator. In order to reduce the power density on the surface of the water cooled Be 
target, the target is mounted at an angle of 45  to the beam axis, and the diameter of beam spot on the 
target is 4 cm. The materials and dimension of moderator and reflector have been optimized, and the 
effects of the beam spot dimension have been investigated [9]. The main moderator is a layer of 3 cm 
polyethylene in front of the target, and the reflector is water in a cylindrical container which radius is 13 
cm and height is 26 cm. The shielding includes a layer of 8 cm lead and a layer of 42 cm boron doped 
polyethylene. The collimator is perpendicular to the beam axis and shifted from the target center, so the 
fast neutrons and  rays can be attenuated effectively on the imaging plane [9].  
There is no inserted filter in this design. As the results of the design the thermal neutron flux at 
detector plane is 5 105 n/cm2/s with the L/D = 50, and n/γ ratio is 1.6 1010 n/cm2/Sv at detector plane. 
The field of view is 10 cm  10 cm at a distance of 100 cm from the collimator entrance aperture or 20 
cm  20 cm at a distance of 200 cm. The difference of thermal neutron flux among the different points on 
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the field of view is less than 7%. But the Cd ratio is only 1.63, which means there are quite a lot of 
epithermal neutrons in the extracted thermal neutron beam (Fig. 4). Usually the people use sapphire filter 
to attenuate the epithermal neutrons, but the thermal neutrons will be attenuated largely, too. In our design 
a light chopper will be inserted into the imaging system, which separates the thermal and epithermal 
neutron pulses based on the difference of time-of-flight from target to detector between thermal and 
epithermal neutrons. With that method the effective Cd ratio of the imaging neutron beam can be 
increased to 30 – 100, and the thermal neutron flux will drop to 40% – 50% correspondingly [3]. 
 
 
Fig. 4. Neutron spectrum at the imaging plane when D = 2 cm, L = 100 cm. 
4. Conclusions 
For a neutron radiography facility based on the compact accelerator-driven neutron source, its neutron 
flux at imaging plane and collimation ratio L/D must meet the basic requirements of neutron radiography. 
The nuclear reaction to generate neutrons, the accelerated beam energy and average beam current should 
be carefully selected considering the target techniques, utilizable RF power, available space and cost. In 
the design of accelerator and moderator assembly high ion beam transmission and low ion beam loss, 
78   Zhiyu Guo et al. /  Physics Procedia  26 ( 2012 )  70 – 78 
reasonable RF power consumption, high thermalization efficiency, good neutron beam purity, enough 
field of view and good uniformity of thermal neutron flux on the detector should be obtained. 
PKUNIFTY is designed according to above principles, and it is expected to be commissioned in 2011. 
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